Abstract-In this paper, a wideband method based on a threedimensional (3-D) printed dielectric rod waveguide (DRW) is proposed to enhance the terahertz (THz) penetration in the human skin. Two skin models are established to mimic the electromagnetic environments in the hydrated and dehydrated skin tissue, and the characteristics of the DRW are analyzed in detail. Three human tissues embedded in paraffin are measured to test the performance of the DRW. Experimental results demonstrate that the DRW generates an average penetration enhancement of 28% from 140 to 220 GHz compared with the conventional waveguide, which is rather close to the simulation prediction. Meanwhile, the DRW can significantly increase the dynamic range of the reflection signal from the skin tissue, which is meaningful in clinical application. The design of the DRW described here can be easily applied to other THz band, and the 3-D printing technique makes the fabrication flexible.
I. INTRODUCTION
L OW photon energy makes terahertz (THz) technology safe in many biomedical applications, such as biological treatment [1] - [3] , molecular spectroscopy [4] - [6] , and especially skin cancer diagnostic [7] , [8] . Due to the strong absorption of THz radiation by water, the degree of hydration in the skin tissue could be used as a measure of disease state. Some noteworthy results were achieved by Woodward and Wallace to effectively distinguish basal cell carcinoma (BCC) regions from normal skin tissue [9] - [11] .
Roughly, skin consists of four parts, which are the stratum corneum (SC), epidermis, dermis, and subcutis from outside to inside. Most of the skin cancers occur at the basal cell layer which is located at the interface of the epidermis and dermis. Hence, the THz information hidden beneath the epidermis is valuable and unique compared with other bands [12] . In human body, the thickness of the epidermis varies from 0.05 to 1.5 mm, and similar thickness change also exists in the dermis [13] . It is mean that BCC or other skin tumors usually occur at the depth of several millimeters. Therefore, a high depth of detection is necessary in skin cancer diagnostic. However, high water content in the tissue usually makes too much absorption of the THz signal to get an enough detection depth. As we know, little attention has been paid to improve the penetration of the THz wave in the skin tissue.
In this paper, a wideband method is proposed to enhance the THz penetration in human skin. In the system, the THz wave is launched by a rectangular waveguide. In order to achieve a deeper penetration, a matching taper and a radiation rod are carefully designed to form a dielectric rod waveguide (DRW). Compared with the standard waveguide (WR-5), this DRW generates a significantly deeper penetration from 140 to 220 GHz. The wideband method proposed here may lead to a deeper view on the cancer diagnostic technology in the future.
II. SKIN MODELS AND MATERIAL OF DRW
Generally, the propagation distance of THz wave cannot reach the subcutaneous fatty tissue due to the large water absorption in dermis [11] . Hence, our skin model consisted of three layers , such as SC, epidermis, and dermis. Meanwhile, the thickness of the SC, epidermis and dermis is set to be 0.035, 0.35, 4.0 mm, respectively. Although, the flat layered skin model is obviously different to the actual human tissue, it also helps us to qualitatively analyze the transmission characteristics of the THz wave in the skin.
For simplicity, each layer can be seen as a homogeneous and dispersive material, and the permittivity and conductivity are mainly affected by the water inside. It is noted that the water content is low in the SC and increases sharply into the dermis 2156-342X © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. [14]. Therefore, the water content of the SC, epidermis, and dermis is assumed to be 4%, 18% and 70%, respectively, in our hydrated skin model [15] . It is well known that the complex permittivity of water can be described by the Cole-Cole relationship. Hence, the permittivity of each layer is determined by the dry skin components and the water in the Maxwell-Wagner model [15] . The calculated results of the real permittivity and effective conductivity for three layers are shown in Fig. 1 . Consequently, a multilayer skin model was established here based on these dispersion parameters to mimic the hydrated skin tissue. Due to much smaller water content, the dehydrated skin tissue has different dielectric properties compared with the hydrated one. In fact, water in the dehydrated skin sample is usually removed and the paraffin occupies the volume of the tissue. Hence, the dehydrated skin tissue can be seen as the mixture of the paraffin and dry skin, and the permittivity of each layer in the dehydrated model could be derived by the Maxwell-Wagner equation [15] 
where ε ds is the permittivity of the dry skin components, ε p is the permittivity of paraffin, and ϕ is the volume fraction of the paraffin component. The permittivity of dry skin is about 2.20 [15] . Previous measurements have shown that the paraffin slice has a nondispersive permittivity of 2.10 around 200 GHz [16] . The volume fraction of paraffin is assumed to be the same as the water content in the hydrated model. Consequently, the real permittivity of the SC, epidermis, and dermis is calculated to be 2.20, 2.18, and 2.13, respectively. In order to mimic a low-loss case in the dehydrated skin model, the imaginary permittivity of each layer is assumed to be zero. In the detection for the skin tissue, the waveguide as a transmitter is always attached closely to the skin surface, which eliminates the diffraction loss of the THz wave caused by the air gap. In order to diagnose a tumor exists deep inside the skin as shown in Fig. 2 , a high depth of detection is necessary. Generally, the detectable depth of a THz system is determined by its signalto-noise ratio (SNR) and its transmitted power. It is difficult to increase the SNR if the hardwares of the THz system are fixed. However, the transmitted power can be efficiently enhanced by a higher source power and a better-performing transmitter. For the protection of humans exposed to electromagnetic fields in the range of 2 to 300 GHz, the incident power density should be lower than 10 W/m 2 according to the International Commission on NonIonizing Radiation Protection (ICNIRP) guideline [17] . Considering the aperture area of the standard waveguide (WR-5), the maximum incident power should be 8.45 μW in the simulation.
With an invariable incident power, there are two factors to increase the THz penetration in the skin. First, the reflection loss at the interface of the skin and the waveguide could be lowered to increase the transmission power. Second, the electric field intensity in the target region could be locally enhanced by converging the transmission beam. Hence, a DRW which consisted of a dielectric rod and a standard waveguide (WR-5) is designed here to increase the penetration of the THz wave in the skin. In order to get a good match, the material of the dielectric rod should have a dielectric constant close to that of the skin and a low absorption coefficient.
Polylactic acid (PLA) commonly used for three-dimensional (3-D) printing has an absorption coefficient less than 2.50 cm -1 below 220 GHz [18] . Meanwhile, PLA is an almost nondispersive material, and its relative permittivity is 3.57 around 220 GHz [18] . Selecting such a material with a high permittivity is crucial as it can compress the waveguide mode. On the other hand, the interface reflection can be reduced due to the permittivity of PLA is close to that of normal skin. Therefore, PLA is a good candidate to build the dielectric structure.
III. PARAMETRIC STUDY

A. Different DRW Shapes
In order to obtain a better performance of the DRW, different geometry structures should be considered. In this section, the dehydrated skin model is adopted to present an obvious contrast between the DRW and WR-5. In addition to three conventional truncated shapes, DRWs with different extended structures shown in Fig. 3 were also analyzed. The performances of different shapes with optimized dimensions were compared in Fig. 4 . Some ingenious researches demonstrated that the dielectric rod with an extended taper could achieve a higher resolution due to the sub-wavelength tip [19] , [20] . Meanwhile, a sharp antenna-like taper can obtain a larger gain in far field [21] . However, results in Fig. 4 (a) show that the transmission power launched by the H-plane sectoral DRW (H-DRW) into the skin is overall higher than other types. It is noteworthy that the DRW with a straight extended rod has a similar transmission performance to the H-DRW. This phenomenon indicates that the electric field energy mainly propagates along the dielectric rod, which means a good match between the rod and the waveguide. However, the transmission bandwidth of the straight extended rod is less than that of the metal waveguide, and this produces a significant decline of the transmission performance at 140 GHz. The input surface of the waveguide is set to be Port 1 in our simulation, and S 11 are calculated to describe the total reflection. It is observed in Fig. 4(b) that the H-plane sectoral DRW also produces a lower reflection than other types. Simulation results show that the truncated DRWs are well matched with the skin due to a closer permittivity of PLA. Although the extended tip can concentrate the electric field into the small taper, the reflection loss produced by this structure at the interface of the air and the skin is obviously higher. Consequently, an extended tip has not produced a higher transmission than the truncated structures in the near-field region. Therefore, the H-plane sectoral DRW is a better candidate. 
B. Cross Section of DRW
In order to obtain the optimized dimensions of the DRW, the rod sizes in the x-and y-direction should be considered. E-field intensities of the DRWs with different R x and R y in E-plane are illustrated in Fig. 5 . It is clear that the wavefront becomes flat along the propagation distance. Results in Fig. 5(a) indicate that the red solid line and the dash blue line deserve more attention, and the blue line seems to propagate further with a higher power at the center. However, simulation results in Fig. 6 show that the red line has a higher remaining power than the blue line. This is mainly due to the higher E-fields of the red line at two sides, which contribute more power at the end of the dermis layer. Efield distributions in H-plane are also considered, and results in Fig. 6(a) show that the rod with R x = 0.5 mm and R y = 0.6 mm (the blue line in Fig. 5 ) produces a narrowest mode in H-plane. Nevertheless, due to the contribution in E-plane, the size of R x = 0.5 mm and R y = 0.4 mm has a better performance.
C. Different Skin Thicknesses
It is known to us that the thickness of different skin samples varies greatly. Even in the same sample, the thickness of the inner layer is not constant. Generally, the thickness of the layer strongly affects the spectral response of the skin tissue. Therefore, it is necessary to discuss the influence of the layer thickness on the performance of the DRW. As mentioned in previous research [13] , [15] , the thickness of the epidermis layer varies from 0.05 to 1.5 mm, and the thickness of the dermis layer varies from 0.3 to 3.0 mm. Hence, several typical thicknesses of the epidermis and dermis layer are selected here, and the combinations of these thicknesses are marked as Group A to D in Table I . Two coefficients are used to describe the improvement of the DRW performance compared with the WR-5. The reduction of S 11 is defined as S 11 (WR-5)−S 11 (DRW). A higher value means a lower reflection caused by the DRW. The enhancement of the remaining power P e is defined as (P(DRW)−P(WR-5))/P(WR-5). Simulation results in Fig. 7(a) show that S 11 of the DRW is always lower than that of the WR-5, no matter what the layer thickness is. Moreover, the reduction can exceed 10 dB at some frequency points. Three peaks can be clearly observed in Fig. 7(a) , and their center frequencies are 151, 182, and 216 GHz, respectively. Actually, for a flat skin model, the S 11 spectra of the DRWs are mainly determined by their shapes, and the layer thickness will only affect the amplitude. Simulation results in Fig. 7(b) show that the DRW always produces a higher remaining power than the WR-5, except some abnormal points in Group D. In fact, the total thickness of the skin in Group D is 4.50 mm, which is rather rare in clinical. Hence, these abnormal points can be ignored. It is noted that the enhancement of the remaining power is far lower than the reduction of S 11 . This indicates that the diffraction loss becomes the main factor in the dehydrated skin model. As a result, the transmission power into the skin is always improved by the DRW over a range of the possible layer thicknesses, and the reduction of the total reflection is even greater. As mentioned earlier, the H-plane sectoral DRW always has a better performance than other types, and its optimized parameters are given in Table II. 
IV. PENETRATION ENHANCEMENT FOR DIFFERENT SKIN MODELS
In order to assess the THz penetration of the DRW, two skin models are utilized to describe the dehydrated and hydrated skin tissue. It is known that the penetration depth is defined as the distance at which the power of the radiation inside the material falls to about 36.8% of its original value at the surface. However, such a definition which is strictly determined by the frequency and dielectric properties of the material is unsuitable here to describe the penetration in a multilayer skin model. Therefore, the remaining power at a suitable depth is adopted here to evaluate the penetration level. Considering the high absorption in the hydrated model, the remaining power at the depth of 1 mm is used to evaluate the THz penetration. However in the   TABLE II  GEOMETRIC PARAMETERS OF THE DRW dehydrated model, the wave can travel over a long distance due to the low attenuation. Hence, the remaining power at the end of the dermis layer is a suitable choice to describe the THz penetration.
A. Hydrated Skin Model
A finite-element method is used here to analyze the transmission characteristics of the DRW and WR-5 from 140 to 220 GHz. The time-average power transmitted into the skin model is given by
where s is a transverse surface in skin model, n is the unit normal vector pointing to z-direction, and E and H are the field magnitudes normal to the surface. The transmission power versus the propagation distance is presented in Fig. 8 , and a similar trend can be seen at 140 and 220 GHz. There are three decline stages in the absorption process. The first one is due to the wave impedance mismatch between the waveguide and the skin. The DRW obviously has a lower reflection loss than the WR-5. The second stage produces a moderate decline through the epidermis. The absorption in the third stage increases sharply due to the highest conductivity in the dermis. Results in Fig. 8 show that the transmission power launched by the DRW is always higher along the propagation distance in the hydrated skin model. In order to reveal the reason for the higher transmission, the electric field of the DRW and WR-5 in H-plane are calculated. Fig. 9(a) and (b) shows the E-field intensities on the waveguide output surface at 140 and 220 GHz, and the insets show the comparison of the E-field distribution inside the WR-5 and DRW. It is noted that the full width at half maximum (FWHM) of the THz beam in H-plane is significantly compressed by the DRW, especially at 220 GHz. Compared with the TE 10 mode in the WR-5, the field of H-plane in the DRW is divided into two parts, the central and the side fields. The central field is concentrated by the transition structure, and the side fields are strengthened due to the coupling between the metal walls and the dielectric rod. Consequently, each side field as a secondary radiation source contributes to the penetration power in the skin. Fig. 9(c)  and (d) shows the E-field intensities at the depth of 1 mm from the skin surface, and the insets show their E-field distribution in the XY-plane. Compare with the case at the output surface of waveguide, the FWHM in the skin is broadened, and the E-field intensity launched by the DRW is higher than that of the WR-5.
Comparison of the E-field longitudinal distribution in the hydrated skin model is presented in Fig. 10 . The simulation frequency is 220 GHz. The standing wave effect can be observed in the waveguide due to the interface reflection. It is shown in Fig. 10(b) that the strength of electric field at the taper of the DRW is lower than that of the WR-5 in Fig. 10(a) , which means a lower interface reflection and a better impedance match with the skin layer. The remaining power in the hydrated skin model versus frequency is calculated in Fig. 11 . Results show that the wave launched by the DRW always has a higher remaining power from 140 to 220 GHz. It is mean that the performance of the DRW in the hydrated skin model is wideband.
B. Dehydrated Skin Model
Simulation results of the transmission power versus the propagation distance are shown in Fig. 12 , and the enhancement generated by the DRW can be observed at 140 and 220 GHz. It is mean that the transmission power in Fig. 12 is much higher than that in Fig. 8 . This means a longer propagation distance of the THz wave in the dehydrated skin model. Therefore, the transmission enhancement generated by the DRW through a dehydrated tissue is potentially detectable on experiment.
The comparison of the longitudinal E-field distribution at 220 GHz transmitted by the DRW and WR-5 is presented in Fig. 13 . A lower reflection and a concentrated field can also be observed at the interface between the DRW and the skin, which are the primary reasons for the enhancement of transmission power.
V. TRANSVERSE RESOLUTION AND DETECTABLE DEPTH
In order to evaluate the transverse resolution of the DRW, two scanning simulations on the dehydrated skin model with a mimic tumor were performed. According to the results in Fig. 7(a) , 216 GHz is selected as the simulation frequency. The size of the tumor varied from 200 to 500 μm. The dielectric constant of the tumor is set to be 4.0, which is slightly higher than that of normal tissue. As shown in the insets of Fig. 14 the DRW probe scans along the x-and y-direction, and the step length is 25 μm which is far smaller than the size of the tumor. Reference simulations of the WR-5 probe are performed with the same step. The comparison of S 11 in the x-direction between the WR-5 and the DRW is plotted in Fig. 14(a) . A rough criterion based on Rayleigh rule is used here to estimate the resolution, which is that the system can distinguish the object size slightly larger than the FWHM of its S 11 signal. Therefore, the tumor with a width of 300 μm in the x-direction can be resolved by the DRW probe at 216 GHz. However, the minimum resolution size of the WR-5 probe is about 500 μm. Simulations in the ydirection [see Fig. 14(b) ] present a similar result. Consequently, the DRW probe with the size of 0.5 mm×0.4 mm has a scanning resolution of smaller than one-third of the wavelength.
The minimal distance between the probe and the tumor at which the S 11 value is invariant with the distance increasing is defined here as the detectable depth. In order to reduce the influence caused by the axial dimension of the tumor, its height is set to be 100 μm. Reference models without the tumor are also simulated. The dependency of the reflections on the distance between the tumor and the probe is plotted in Fig. 15 . For a distance of more than 2.7 mm, the variation of S 11 caused by the tumor depth is less than 5% for the DRW probe. However, under the same criterion, the detectable depth of the WR-5 probe is less than 1.9 mm. The comparison of S 11 in Fig. 15 has clearly shown that the detectable depth of the DRW probe is deeper than that of the WR-5 probe. This is due to a higher penetration power generated by the DRW, which produces a greater variation of S 11 at the same depth than the WR-5. Hence, the penetration enhancement could increase the detectable depth theoretically in the skin.
The transverse resolution of the DRW probe is mainly determined by its section size of 0.5 mm × 0.4 mm. Although a smaller section size can improve the resolution, it will reduce the penetration power in the skin. Therefore, a compromise between the resolution and the detectable depth has to be made depending on the research goal. Obviously, the detectable depth determined by the penetration is more attractive to us. Simulation results demonstrate that the DRW designed here performs much better than the standard waveguide probe in the skin cancer diagnosis.
VI. MEASUREMENT AND ANALYSIS
In order to test the performance of the proposed DRW, the rod structures are fabricated by a commercially available 3-D printer (Hori Z300, Inc.) as shown in Fig. 16(a) . PLA is used as the substrate material due to its stable dielectric characteristic. It is worth mentioning that the section size of the PLA rod is slightly smaller than the cavity of the waveguide. Therefore, fixing the rod at the center of the waveguide is a challenge. Here, the rod is symmetrically wrapped by a thin napkin around the z-axis direction. Then, they are inserted into the cavity to form a DRW. Fig. 16(b) shows the cross sections of the fabricated DRW and the WR-5 waveguide.
Measurements of S 21 were carried out on a THz transmission system which consisted of a vector network analyzer and its frequency extender modules. In order to reduce the unnecessary diffraction in free space, samples were placed close to the port, and a horn antenna was used to collect the power as shown in Fig. 17(a) . Three human skin tissues have been provided by the First Hospital of China Medical University, Shenyang, China. All of the samples have been dehydrated and embedded in paraffin blocks. The irradiation areas are marked out by white frames in Fig. 17(b) , and the thickness in these areas is about 1.30, 2.30, 1.70 mm, respectively. S 21 was measured to evaluate the penetration level, and the transmission through the air was taken as a reference. Results in Fig. 18 show that the transmission power of the DRW is always higher than that of the WR-5, and the performance of the DRW is wideband. In Fig. 18(b) , an abnormal decline could be observed around 180 GHz, which may be caused by the irregular internal structures in the tissue. It is noted that the layered model in our simulation is mainly used to describe a flat and homogeneous tissue, which ignores the possible structural changes in the actual human skin. Meanwhile, some dimensional deviations of the DRW in the manufacturing process are unavoidable. Hence, the spectral shapes of S 21 on experiment are obviously different to the simulation. Transmission results in Fig. 18 are processed by means of weighted average. Compared with the WR-5, the DRW generates an average increase of 1.08 dB from 140 to 220 GHz. This means a 28% enhancement of the THz penetration power. As predicted in Fig. 15 , the penetration enhancement can effectively increase the detectable depth in the skin tissue, which is meaningful for clinical application.
In order to evaluate the reflection performance of the DRW, S 11 was measured in a reflection system. The horn antenna at the transmission side was replaced by absorbing materials to reduce unnecessary reflection of the THz wave. Measurements of the WR-5 were taken as references. It is illustrated in Fig. 19 that the DRW has a lower S 11 than the WR-5. The maximal reduction of S 11 is 10.45, 9.42, and 9.44 dB, respectively. Consequently, the reduction of the THz reflection generated by the DRW means a great increasement of the dynamic range of S 11 compared with the WR-5.
VII. CONCLUSION
In this paper, a wideband method based on a 3-D printed DRW was proposed to increase the THz penetration in human skin. Two layered skin models are established to describe the hydrated and dehydrated skin tissue. Characteristics of the DRW were comparatively analyzed, and an optimized design can improve the penetration power over a range of possible skin thicknesses. Experimental results are in good agree with the simulation of the dehydrated model, exhibiting an average penetration enhancement of 28% from 140 to 220 GHz. Meanwhile, the DRW can significantly increase the dynamic range of the reflection signal from the skin tissue compared with conventional waveguide. A deeper penetration and a larger dynamic range of the THz signal could provide a valuable improvement on the early cancer diagnosis. In addition, the DRW designed here can be easily applied to other THz band, and the 3-D printed technology makes the fabrication flexible.
